of urobilinogen, was shown by K. Bernhard et al. (5) . This activity of bilirubin was strongest in several common antioxidants at a physiologically relevant concentration (2%) of O 2 (6) . Thus, bilirubin has been studied concerning its antioxidative effect and its importance has been revealed (7, 8) . It is, therefore, expected that bilirubin, which is secreted in the intestine as a bile component, will have a strong antioxidative activity under very reductive conditions, such as in the intestine. However, bilirubin is at a low concentration in the large intestine because most bilirubin is directly converted to urobilinogen by the microfloral enzymatic action. Taking the place of bilirubin, the antioxidative activity of urobilinogen, the reductive metabolite of bilirubin, is expected in the intestine, as described above.
In this study, the antioxidant activities of urobilinogen were investigated. We compared the radical trapping activities of urobilinogen, synthesized from commercial bilirubin, with some antioxidants using the stable radical reagent, DPPH (1, 1-diphenyl-2-picrylhydradyl) (9, 10) . Furthermore, effects of urobilinogen on the formation of linolate hydroperoxide by AMVN (2, 2'-azobis (2, 4-dimethylvaleronitrile)) were determined using HPLC (6, 11, 12) . To suppress the formation of linolate hydroperoxide may mean to exhibit antioxidative abilities.
Experimental 1 Chemicals
Bilirubin, sodium amalgam, DPPH and AMVN were purchased from Wako Pure Chemical Industries, Ltd., and a-tocopherol, b-carotene and linoleic acid from Nacalai Tesque, Inc. AMVN was purified once by recrystallization in methanol. The NMR solvents, CD 3 OD and CD 3 OH used were Merck NMR grade.
Synthesis of Urobilinogen and Struc-
tural Confirmation Synthetic urobilinogen was prepared from bilirubin according to the method of Watson (12) . And nitrogen gas was purged into the urobilinogen solution, which was capped tightly, and stored at 20 .
The structure of prepared urobilinogen was determined to be i-urobilinogen by NMR and FAB-MS analyses.
1 H-and 13 C-NMR were obtained with Gemini 300 (Varian, Japan) at 300 MHz and 75 MHz, and chemical shifts are given on a d H (ppm) scale with TMS as an internal standard. The 1 H-NMR analyses were performed in CD 3 OD and CD 3 OH, restrictively; the latter solvent was used for the proton data of the C 10 site. The mass spectrum was recorded with a TSQ-700 (Thermoquest, USA). The indicated 13 
3 Scavenging Activities for the DPPH Radical of Synthetic i-urobilinogen
Prepared from Bilirubin Reduction DPPH radical scavenging activity was determined by the modified method of Brand-Williams (9). Each sample (a-tocopherol, bilirubin, b-carotene and urobilinogen) was prepared in 100 mM (final concentration 20 mM ) in methanol and to the sample solution (0.8 mL) was added both 2 mL of 60 mM DPPH in methanol and 1.2 mL of methanol. After nitrogen gas was bubbled into this reaction solution and enclosed, the tube was capped tightly with silicon and the reacted solution was allowed to stand for 1hr under dark conditions. After the reaction, the activity was determined at 517 nm absorption by a UV/VIS spectrophotometer UV2200 (Shimadzu, Japan). The DPPH radical scavenging activity of each sample was determined as the percentage decrease compared to the absorbance shown by a blank test.
4 Peroxidation of Linolate by AMVN
Urobilinogen solution was added to linoleic acid solution (in methanol), and pre-heated for 5 min at 37 . AMVN solution was added (final concentration; urobilinogen 10 mM, linoleic acid 95.2 mM, AMVN 9.5 mM) and reacted at 37 (9) . A part of the reacted mixtures, which was obtained during the time-course, was used to determine the production of linoleic acid hydroperoxide, using HPLC. The measurement of hydroperoxide was carried out immediately at the end of the reaction.
5 HPLC Analysis for Determination of
Linoleic Acid Hydroperoxide The reverse phase column, ODS-80Ts (Tosoh, Japan), was used for measurement at 40 , and methanol-water-acetic acid 76: 24: 0.1 (v/v) was used as the mobile phase, with the flow set to 1.0 mL/min. The UV absorption at 235nm was detected to determine the conjugated double bond of lipid hydroperoxide (13) . The sample (10 mL) was injected into an HPLC column. ternary carbon of C 4 and C 16 of bilirubin were reduced to methine. Moreover, NMR analysis showed that vinyl groups and two other substrates were reduced in the reaction system. These data confirmed the structure of the synthesized product to be i-urobilinogen.
2 Radical Trapping Ability of Urobilinogen
The abilities of urobilinogen and other antioxidants for DPPH radical scavenging are shown in Table 1 . Urobilinogen reduced the absorption to about 79% of the control; those of a-tocopherol and b-carotene were 65 and 71%, respectively. Bilirubin, the precursor of urobilinogen, showed a 72% reduction in absorption. Thus, urobilinogen had a slightly stronger ability than bilirubin in its radical scavenging activity, being the highest among the test samples. The chemical shifts of carbon and proton in urobilinogen were assigned from 2D-NMR methods. The sample was measured in CD 3 OD and CD 3 OH. Fig. 4 . Two peaks (peak 5 and 6) of hydroperoxides of linoleic acid were observed (control) and the addition of urobilinogen suppressed the generation of linoleic acid hydroperoxide to the level of half (see urobilinogen addition). In the case without urobilinogen-free conditions, hydroperoxide increased linearly with time (data not shown).
4 The Deuteration of Proton at C 10
Methylene of Urobilinogen The 1 H-NMR spectra of the urobilinogen sample in CD 3 OD and CD 3 OH are shown in Fig. 5 . The 3.55 ppm peak (originated from C 10 methylene, Fig. 3 ) decreased over the time-course in CD 3 OD (in A and B). On the other hand, no decrease was observed in CD 3 OH (in C). No other peaks changed after the time passage within the period observed. This shows that the protons of C 10 methylene are easily replaced with deuterium of CD 3 OD (Fig. 6) . This fact suggests that this site is the most reacting among the three methylenes between pyrrole rings.
Discussion
Urobilinogen has been used as a marker in clinical tests in relation to impaired hepatic function until recent years (14) . However, the function of urobilinogen has not previously been investigated. Only the re-absorption and circulation of urobilinogen in the intestine has been well explored (15, 16) , but no investigations have been undertaken concerning the process involved in these stages. Also, the structural assignment of urobilinogen has not yet been completed.
Bilirubin has been shown to be useful for protecting our bodies from oxidative stress (5) (6) (7) (8) . Bilirubin secreted into the duodenum would flow into the cecum through the ileum and jejunum in the short term, and then the reductases from the microflora reduce it at once almost to urobilinogen (through mesobilirubin) (Fig. 1) . These compounds would protect our organs by virtue of their reductive effect of the radical chain reaction, which is induced by free radicals or hydroperoxide. Consequently, urobilinogen is converted to urobilin, which is found in feces and urine. The conversion of urobilinogen to urobilin in the large intestine is well known (1) . The structural similarity between urobilinogen and bilirubin leads to the possibility that both have similar antioxidative activity. Concerning the reaction of in vitro lipid peroxidation by the radical initiator, urobilinogen strongly suppressed the formation of linoleic acid hydroperoxide (Fig. 4) . Thus, it is suggested that urobilinogen would suppress the promoting reaction of lipid oxidation by free radicals. Moreover, urobilinogen may effectively suppress the oxidation of food components by free radicals in the intestine (especially in the colon) where the contents are retained for a long time, and reduce the harm of the intestinal wall suffered from the oxidative products.
We found an interesting change in the NMR signal of urobilinogen, where only the C 10 methylene bridge was deutrated by CD 3 OD, but other methylene signals did not decrease after the same passage (Fig. 5) . The methylene group of the C 10 site, which is located at the bridge of the second and third pyrrole in the structure of tetra pyrrols, is situated between two aromatic pyrrols like diphenyl. This methylene has more reactive hydrogen than others, and it can be a hydrogen donor. As the C 10 methylene easily released hydrogen as proton donor, it turned out that urobilinogen may trap the radical electron and have antioxidative effects. The proposed mechanism of antioxidation by urobilinogen is shown in Fig. 7 . At first, one of the hydrogen atoms at the C 10 site of urobilinogen is removed by a lipid peroxyl radical, and a urobilinogen radical is generated. This traps one lipid peroxyl radical. In the second step, the radical can delocalize, and the resulting hydrogen radical can be produced. In the third step, the hydrogen radical binds to another lipid peroxyl radical molecule and the radical chain reaction due to the peroxyl radical can be stopped.
Conclusion
We revealed the antioxidative effect of urobilinogen. It was assumed that this ability occurred via proton release from C 10 methylene. Urobilinogen may act to prevent diseases resulting from reactive oxygen in our bodies.
